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Performance of a Fast Frequency-
Hopped Noncoherent MFSK Receiver
with Nonideal Adaptive Gain Control
R. Clark Robertson,Senior Member, IEEE, Hidetoshi Iwasaki, and Melody Kragh
Abstract—An error probability analysis is performed for an
orthogonal noncoherentM -ary frequency-shift keying (MFSK)
communication system employing fast frequency-hopped (FFH)
spread spectrum with diversity. The signal is assumed to be trans-
mitted through a frequency-nonselective slowly fading channel
with partial-band noise interference. The partial-band interfer-
ence is modeled as a Gaussian process. Both the information
signal and the partial-band noise interference signal are assumed
to be affected by channel fading; it is assumed that the two
fading processes are independent and that channel fading need
not necessarily affect the information signal and the interference
signal in the same way. Each diversity reception is assumed
to fade independently according to a Rician process. Adaptive
gain control is employed to minimize partial-band interference
effects, and the effect of inaccurate noise measurement on the
ability of the adaptive gain control receiver to reject partial-band
interference is examined. The effect of thermal noise is included
in the analysis.
Index Terms—Diversity methods, fading channels, frequency-
hop communication, Rayleigh channels, Rician channels, spread
spectrum communication.
I. INTRODUCTION
PARTIAL-BAND noise interference, a type of narrow-band interference which can be either intentional or
unintentional, has the potential to significantly degrade the
performance of frequency-hopped spread spectrum systems.
At its worst, partial-band noise interference has almost the
same effect on receiver performance as when the signal is
transmitted over a Rayleigh-fading channel. The addition of
simple diversity combining to the spread spectrum system is
ineffective in reducing the negative impact on system perfor-
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mance that results from partial-band noise interference since
each diversity reception is equally weighted, and diversity
receptions that are corrupted by partial-band noise interference
have a dominant influence on the overall decision variables of
the receiver. Consequently, if diversity is to be an effective
means of minimizing system performance degradation due
to partial-band noise interference, some combining technique
must be used that does not give equal weight to each diversity
reception. Ideally, the receiver possesses the knowledge as
to which diversity receptions are corrupted by partial-band
noise interference and which are not, and simply ignores
the corrupted diversity receptions. This type of knowledge
is called side information. When side information is not
available, other means must be utilized to modify the weight
that the receiver assigns to each diversity reception. One
method consists of measuring the noise power present in each
diversity reception and using this noise power to normalize the
corresponding diversity reception prior to diversity combining.
In this way, the contribution of strongly corrupted diversity
receptions are naturally deemphasized as compared to those
that are not corrupted when the various diversity receptions
are combined to form the overall decision variables. This
technique of noise normalization is referred to as adaptive gain
control. When the noise power measurement is without error,
in this paper the technique will be referred to as ideal adaptive
gain control where the termideal implies perfect noise power
measurement rather than optimum overall performance.
One way of implementing diversity in a frequency-hopped
spread spectrum system is to utilize fast frequency-hopping
with multiple hops per symbol being transmitted. The effect
of partial-band noise interference, but without channel fading,
on noncoherent orthogonal ideal fast frequency-hopped-
ary frequency-shift keying (FFH/MFSK) adaptive gain control
receivers is investigated in [1] and [2], and the performance
of the ideal noncoherent FFH/MFSK adaptive gain control
receiver for a signal transmitted over a Rician fading channel
with partial-band noise interference is investigated in [3].
An accurate measurement of the noise power present in each
hop is a challenging problem in FFH spread spectrum systems.
A complete evaluation of the ability of the FFH adaptive
gain control receiver to minimize performance degradation
due to partial-band noise interference requires an examination
of the effects of the inexact estimation of the noise power
present in each hop. In this paper, the performance of a nonco-
herent orthogonal FFH/MFSK system with nonideal adaptive
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Fig. 1. Block diagram of noncoherent FFH/MFSK adaptive gain control receiver with diversity.
gain control is investigated. In addition, previous work that
examines the effect of fading channels on the performance
of FFH/MFSK adaptive gain control receivers assumes that
only the communications signal is transmitted over a fading
channel. It seems reasonable that, in general, in situations
where channel fading affects the communications signal, chan-
nel fading will also affect the partial-band noise interference
signal. Consequently, previous analyses that ignore the effect
of fading on the partial-band noise interference signal yield, in
general, inaccurate results for fading channels. This problem
has been examined for conventional noncoherent frequency-
hopped MFSK receivers without diversity where both the
information signal and the partial-band noise interference
signal are assumed to be transmitted over a Rayleigh–fading
channel, in addition to the more standard approach of modeling
channel fading as affecting only the information signal [4].
In this paper, in addition to the effect of nonideal noise
power per hop estimation, communication system perfor-
mance when both the FFH/MFSK signal and the partial-band
noise interference signal are transmitted over independent
frequency-nonselective slowly fading Rician channels is exam-
ined. Furthermore, it is not assumed that the information signal
and the partial-band noise interference signal are necessarily
transmitted over the same fading channel; that is, fading may
affect the information signal differently than the interference
signal. As a result, the dehopped information signal amplitude
nd the dehopped instantaneous interference signal amplitude
are modeled as Rician random variables, and each dehopped
signal can be considered as the sum of two components—a
direct component and a diffuse component. Each dehopped
signal is assumed to fade independently. By modeling both
the information channel and the partial-band noise interference
channel as Rician fading channels, a general result is obtained
that is valid in the limit of large direct-to-diffuse signal
power ratios for channels with no fading and in the limit
of small direct-to-diffuse signal power ratios for Rayleigh-
fading channels as well as the general case where the effects
of both the direct and diffuse components of the signal must
be included in the analysis.
The FFH/MFSK transmitter is assumed to performhops
per data symbol where is an integer greater than one. This is
equivalent to an -fold time and frequency diversity. A block
diagram of the FFH/MFSK adaptive gain control receiver is
shown in Fig. 1. At the receiver, the FFH signals are first
dehopped and, in this paper, perfect dehopping is assumed.
For each -ary signal waveform, the dehopped signal is then
quadratically detected. The detector demodulates the signal
b means of a bank of two correlators in phase quadrature
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for each expected signal tone. The two correlator outputs are
sampled every seconds where is the hop duration. Since
the carrier phases are not recovered, the sampled outputs of
each correlator pair are squared and summed to form
detector outputs .
These outputs are then divided by the estimated noise power
for hop . Next, the normalized diversity receptions for
each branch are combined to form decision statistics. These
outputs through are then compared with each other,
and the largest is chosen as the transmitted symbol.
The partial-band noise interference that is considered in this
paper may be due to either a partial-band noise jammer or
some unintended narrow-band interference. The interference
is modeled as additive Gaussian noise and, when present, is
assumed to be in each branch of the MFSK demodulator for
any reception of the dehopped signal. In addition to partial-
band interference, the signal is also assumed to be corrupted
by thermal noise and other wide-band interferences which
are modeled as additive white Gaussian noise (AWGN). This
wide-band noise is assumed to be unaffected by the fading
channel.
The bit rate is designated . Thus, the corresponding
symbol rate is where is the order of
the MFSK modulation. The hop rate is related to the symbol
rate by . Clearly, when , there is no diversity
and noise normalization has no effect. The equivalent noise
bandwidth of each branch in the noise-normalized MFSK
demodulator is . Matched filter detection is optimum
for AWGN but may not be for colored noise such as partial-
band interference. The overall system bandwidth is assumed
to be very large compared to the hop rate. Note that for a
fixed symbol rate that the hop rate increases as the number
of the hops per symbol increases. As a result, the required
minimum equivalent noise bandwidth of each branch of the
MFSK demodulator also increases as the number of the hops
per symbol increases. Hence, as the number of the hops
per symbol increases, the assumption that the channel is
frequency-nonselective becomes more restrictive. On the other
hand, the assumption that the channel is slowly fading becomes
stronger. Obviously, for a fixed hop rate system, this is not a
concern. Only fixed symbol rate systems are investigated in
this paper.
II. PERFORMANCE ANALYSIS
The performance of the adaptive gain control receiver is
evaluated in this paper by obtaining the probability of bit error
versus the bit energy-to-interference power spectral density
ratio given that both the communication signal channel and the
narrow-band interference channel are modeled as frequency-
nonselective slowly fading Rician channels and given that the
estimated noise power for a given hop is in error.
A. Noise Power and Noise Power Estimation
The partial-band noise interference is assumed to be present
in each branch of the MFSK demodulator for any reception
of the dehopped signal with probability. Thus, represents
the fraction of the spread bandwidth being jammed, and the
probability that narrow-band interference is not present in all
detectors is . If is the average power spectral
density of interference over the entire spread bandwidth, then
is the power spectral density of partial-band noise
interference when it is present. The power spectral density
of thermal noise and other wide-band interference, which are
modeled as AWGN, is defined as . Hence, the power
spectral density of the total noise is when
partial-band noise interference is present and otherwise.
Let represent the noise power and the estimate of
in a given hop of a symbol. From the noise power spectral
density and the equivalent noise bandwidth of each detector
branch as discussed in the previous section, for each hop each
correlator output has noise power with
probability when interference is not present and noise
power
(1)
with probability when interference is present where
. Since the channel for the partial-band noise in-
terference signal is modeled as Rician, the random variable
which represents the narrow-band interference noise power
is noncentral chi-squared with two degrees of freedom.
The output of the noise power estimator is assumed to
be determined with no error when only thermal noise is
present. This seems reasonable since wide-band thermal noise
is essentially the same for all hops. Hence, the estimated noise




where is the estimate of . In this paper, is modeled
as either a parameter or as a uniform random variable.
B. Probability of Bit Error
The conditional symbol error probability for the nonideal
adaptive gain control receiver in the presence of partial-band
noise interference is
(3)
where is the conditional probability of symbol
error given hops of a symbol have interference, the actual
noise power for each hop, and the estimated noise power
for each hop. Due to the symmetric structure of the receiver
can be obtained by considering only the case
where the signal is present in branch one of the MFSK
demodulator. In this case, given the conditional probability
density function for the random vari-
able that represents the output of branch one of the
demodulator conditioned on of hops having interference
as well as the actual and estimated noise power for each
hop and given the conditional probability density functions
for the random vari-
ables that represent the outputs of the
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demodulator branches that do not contain a signal, we have [5]
(4)
which results from the independence of the decision statistics
and the fact that the decision statistics
for the nonsignal branches are identically distributed random
variables. As will be seen, for the general case of some hops
jammed and others free of interference, (4) must be evaluated
numerically. While an analytic solution for (4) is available for
the special cases of either all hops jammed or all hops free
of interference [6], the complexity of the analytic solution is
such that numerical evaluation of (4) is preferable.
When is modeled as a random variable, the probability
of symbol error is given by
(5)
where and are the probability density func-
tions of the random variables that represent the noise power
and the estimated noise power, respectively, in hopof a
symbol. In this paper, the random variable is taken to be a
uniform random variable, the least favorablea priori density
function, with a mean of and a variance of ; that is,
is the maximum deviation of the estimated noise power from
the actual noise power. Equation (5) is evaluated numerically.
If is modeled as a parameter rather than a random
variable, then instead of (5) we have
(6)
Equation (6) is evaluated numerically.
Since the channel for the narrow-band interference signal for
hop of a symbol is modeled as a Rician fading channel, the
probability density function of the narrow-band interference
signal power is [7]
(7)
where is the unit step function, is the average power
of the direct component of the narrow-band interference signal,
and is the average power of the diffuse component of the
narrow-band interference signal. The total average received
narrow-band interference signal power of
hop of a symbol is assumed to remain constant from hop to
hop. Since the average power received due to thermal noise
and other wide-band interference is not considered a random
variable, the probability density function for the total noise
power received with hop of a symbol is obtained from (7)
and the linear transformation of random variables given by
(1) as
(8)
For orthogonal MFSK, the bit error probability is related to
the symbol error probability by [5]
(9)
and the energy per bit is related to the energy per symbol
by
(10)
The energy per symbol is related to the energy per hopby
(11)
C. Probability Density Function of the
Signal Branch Decision Variable
The signal is assumed to be present in branch one of the
MFSK demodulator without loss of generality due to de-
modulator symmetry. Then the conditional probability density
function of the random variable at the output of the
branch one before normalization or diversity combining, given
a signal amplitude , is [7]
(12)
where represents the modified Bessel function of order
zero. The average received signal power of hopis , and
channel fading is modeled by assuming to be a Rician
random variable. The probability density function of the Rician
random variable is [7]
(13)
where is the average power of the direct component of the
signal and is the average power of the diffuse component
of the signal. The total average received signal power of hop
is and is assumed to remain constant from hop
to hop. When , the channel model is a Rayleigh-fading
model and when , there is no fading.
The random variables that represent the outputs of
each of the demodulator branches after the noise-normalization
operation for hop of a symbol are related to the quadratic
detector outputs by
(14)
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The conditional probability density function of the noise-
normalized random variable is obtained from (12) using
the linear transformation indicated by (14) as
(15)
and the conditioning of the probability density function of
on is removed by integrating the product of (13) and (15)
with respect to from zero to with the aid of (6.633.4)
in [8] to obtain
(16)
where is the signal-to-noise power ratio of the direct
component of hop of a symbol and is the signal-
to-noise power ratio of the diffuse component of hopof a
symbol.
Let denote the random variable , the noise
power, and the estimated noise power when hopof a
symbol has interference and no interference ,
respectively. Let be the number of hops of a symbol that have
interference. Then the decision variable for theth branch
after independent hops are combined is given
by
(17)
Let denote the probability
density function of the random variable
which is obtained from (16) by replacing with
and with .
Since is a noncentral chi-squared
probability density function with two degrees of freedom and
noncentrality parameter , its Laplace transform can be
obtained from the characteristic function of the noncentral
chi-squared probability density function [5] by making
the substitution in . Alternatively, the Laplace
transform can be obtained directly from the definition of the
Laplace transform with the aid of (6.641.4) in [8]. In either
case, we obtain
(18)
where . Since all hops are independent, we
obtain the conditional probability density function for the
decision variable given hops of a symbol have
interference from (17) as
(19)
where represents an -fold convolution. The probability
density function is obtained as the
inverse Laplace transform of which,
using [9, eqs. (4.1.5) and (4.16.18)], is found to be
(20)
From (19), the Laplace transform of is
(21)
since is assumed to be known without error.
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Substituting (18) into (21), we get
(22)
In general, except for the special case of all hops jammed
and no hops jammed ,
must be obtained from (22) by numerical inversion. For the
two special cases mentioned, (20) is used with and
the appropriate and .
D. Probability Density Functions of the
Nonsignal Branch Decision Variables
The probability density functions of the decision variables
for the nonsignal branches are special
cases of with . Hence, from
(20) with
(23)
since for an integer with as
(24)
For the two special cases of either all hops jammed or no
hops jammed, the probability density functions
of the random variables that represent the outputs
of the nonsignal branches required in order to evaluate (4) are
obtained directly from (23) with and either or
for the all hops jammed case or the no hops jammed
case, respectively. The definite integral enclosed in the square
brackets in (4) can now be evaluated to obtain
(25)
which is valid when with and when with
. For the general case of and ,
substituting (23) into (19), we obtain
(26)
Using the binomial theorem to expand and
interchanging the order of integration and the summation
resulting from the expansion, we can evaluate (26) to obtain
(27)
The definite integral enclosed in the square brackets in (4) can
now be evaluated for the general case of and
to obtain
(28)
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The computational complexity of (28) leads to problems with
roundoff error for large . As an alternative to (28), the
Laplace transform of is obtained from
(22) with as
(29)
and is obtained by numerical
inversion of .
III. N UMERICAL RESULTS
A. Numerical Procedure
Computation of the probability of bit error involves a
numerical evaluation of (4) for each of the possible com-
binations of jammed and unjammed hops followed, after
using the results of (4) in (3), by a numerical evaluation of
either (5) or (6). In addition, except for the special cases of
either all hops jammed or all hops free of interference, the
conditional probability density function of given that
hops of a bit have interference must be
evaluated numerically. Equation (22) is an analytic expression
for , the Laplace transform of
. Hence, the most efficient way to evaluate
is to invert numerically [10].
The remainder of the integrand of (4) is given by (25) when
either all hops are jammed or all hops are free of interference
and by (28) for the general case of some hops jammed and
others not. In this paper, the effects on receiver performance
of nonideal adaptive gain control and interference signals
transmitted over a fading channel are considered separately.
In what follows, receiver performance is discussed in terms
of the average energy per bit
and in Section III-B, which deals with receiver performance
when the interference noise signal is affected by channel
fading, receiver performance is discussed in terms of the
average noise power spectral density of the interference signal
. In Section III-C, which
deals with receiver performance when the interference noise
signal is not affected by channel fading, .
B. Numerical Results When the Interference Signal
is Transmitted Over a Rician-Fading Channel
In order to examine the effect of a partial-band interference
signal transmitted over a Rician-fading channel on diversity
combining FFH/MFSK adaptive gain control receivers, we
must first examine the effect of a partial-band interference
signal transmitted over a Rician fading channel on FFH/MFSK
without diversity combining. Substituting (20) with and
(25) into (4), we obtain for
(30)
Fig. 2. FFH/BFSK performance when there is no information signal fading
and no diversity. The solid lines represent worst-case partial-band noise
interference, while the dashed lines represent partial-band noise interference






which, as expected, is independent of the noise normalization
since there is no diversity combining. Using (3) and (30)
in (6) with , we obtain the results illustrated in
Figs. 2–4 which are obtained assuming that the communi-
cation signal is not transmitted over a fading channel. The
cases of no fading, Rayleigh fading, and Rician fading, with
, of the narrow-band interference signal are
plotted for both worst-case partial-band noise interference and
for partial-band noise interference when a specific fraction
of the total spread spectrum bandwidth is jammed. Several
trends are evident from an examination of these figures.
Consider the situation where a specific fraction of the total
spread spectrum bandwidth is jammed. In this case, it is
apparent that when is less than or equal to the
minimum amount required to maximize for the specific
fraction of bandwidth jammed that system performance is
relatively insensitive to whether or not the interference signal
is transmitted over a fading channel. This is true independent
of the modulation order and of . Consequently, worst-
case partial-band interference of FFH/MFSK systems without
diversity is, for all practical purposes, not affected by fading
channels. On the other hand, when is greater than the
minimum amount required to maximize for the specific
fraction of bandwidth jammed, there is a definite effect on
system performance when the interference signal is transmitted
over a fading channel. Interestingly, when the partial-band
noise interference signal is transmitted over a Rayleigh-faded
channel, system performance is poorer than when the same
noise signal is transmitted over a channel with no fading.
Both the magnitude of this phenomenon and the range of
values of over which this phenomenon is observed
increase with both increasing modulation order and increasing
signal-to-thermal noise ratio. The latter effect occurs since
there can clearly be no effect due to narrow-band interference
transmitted over a fading channel when the interference is too
small to have any effect in the first place. As increases,
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Fig. 3. FFH/8-FSK performance when there is no information signal fading
and no diversity. The solid lines represent worst-case partial-band noise
interference, while the dashed lines represent partial-band noise interference





smaller values of are able to affect receiver performance.
Another trend that is observed (not illustrated by the figures)
is that the effect on system performance when the interference
signal is transmitted over a fading channel is reduced as
the channel fading experienced by the information signal
increases. When the information signal is transmitted over a
Rayleigh-fading channel, the effect on system performance
when the interference signal is transmitted over a fading
channel is negligible; even when the information signal is
transmitted over a Rician fading channel , the
effect on system performance when the interference signal is
transmitted over a fading channel is significantly less than
when the information signal does not suffer fading.
From the foregoing, it is straightforward to predict the
effect on the performance of an FFH/MFSK noise-normalized
receiver with diversity when the interference signal is trans-
mitted over a fading channel. For the FFH/MFSK noise-
normalized receiver, in order to obtain worst-case perfor-
mance, partial-band noise interference is driven
toward barrage noise interference as diversity in-
creases. Consequently, when diversity is large enough, say
, to effectively negate most performance degradation
due to partial-band interference, the effect on the worst-case
performance of a FFH/MFSK noise-normalized receiver with
diversity when the interference signal is transmitted over a
fading channel is analogous to the effect on the performance
of a FFH/MFSK receiver without diversity where a specific
fraction of the total spread spectrum bandwidth is jammed, as
discussed in the last paragraph. For smaller diversities, the
effect on worst-case performance falls in between the two
extremes of virtually no effect when there is no diversity
and the maximum effect when diversity is large enough to
make barrage noise interference worst-case. For fixed ,
the upper limit of the range of over which system
performance is affected to any significant degree by whether
or not the interference noise signal is transmitted over a fading
Fig. 4. FFH/BFSK performance when there is no information signal fading
and no diversity. The solid lines represent worst-case partial-band noise
i t rference, the dashed lines represent partial-band noise interference with






Fig. 5. FFH/MFSK worst-case performance with Rician fading of the in-






channel decreases asdecreases. Finally, the level of diversity
does not significantly affect how the system responds when the
interference signal is transmitted over a fading channel. These
results are partially illustrated in Figs. 5 and 6.
C. Numerical Results With Nonideal Adaptive Gain Control
An examination of the results obtained for various modu-
lation orders, levels of diversity, and conditions of the fading
channel lead to several generalizations regarding the nonideal
FFH/MFSK adaptive gain control receiver. Recall that, as
defined in this paper, the descriptionideal adaptive gain
control refers to perfect noise power measurement for each
hop and is not intended to imply optimum performance. First,
there is very little difference in the performance obtained
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Fig. 6. FFH/MFSK worst-case performance with Rician fading of the in-
formation signal(2=22 = 10) and diversity orderL as a parameter.
Rician-faded noise implies2 =2
2
 = 10.
Fig. 7. Receiver performance for a Rician-faded signal with2=22 = 10,
Eb=N0 = 13:35 dB, L = 4, M = 4, and50% noise power estimation
error when̂2
k
is a parameter. The performance with̂2
k
modeled as a random
variable is also shown (labeled “uniform”).
when the noise power estimation is taken to be ideal and
that obtained when the estimated noise power is modeled as
a uniform random variable with a maximum error of50%.
This conclusion remains valid for essentially all conditions
of channel fading from the Rayleigh limit to the limit of no
channel fading, for modulation orders from the binary case
up to , and for all reasonable levels of diversity.
Consequently, for this type of noise power estimation error, as
in the case of ideal adaptive gain control, increasing the order
of diversity rapidly reduces the effectiveness of partial-band
noise jamming even when there is significant measurement
error in the noise power per hop estimation process.
When the estimated noise power is modeled as a parameter,
corresponding to some fixed bias in the noise power estimation
circuitry as opposed to some random and unpredictable error
Fig. 8. Receiver performance for a Rician-faded signal with2=22 = 10,
Eb=N0 = 13:35 dB, L = 6, M = 4, and50% noise power estimation
error when̂2
k
is a parameter. The performance with̂2
k
modeled as a random
variable is also shown (labeled “uniform”).
as assumed in the last paragraph, there is a more pronounced,
but still relatively minor, difference between ideal and nonideal
adaptive gain control performance. As might be expected,
the poorest receiver performance is obtained when the noise
jamming power is underestimated. When the noise jamming
power is overestimated, performance is superior to that ob-
tained with ideal adaptive gain control. For this type of
noise power estimation error, the difference in performance
between overestimated noise power and underestimated noise
power increases as either modulation order or diversity or-
der increase and decreases as channel fading decreases (i.e.,
increases). The increase in modulation order gives
significant improvement in performance in spite of somewhat
increased sensitivity to normalization error. The increased
sensitivity to noise power estimation error as diversity order
increases results in only minor differences between ideal
and nonideal performance. Again, these conclusions remain
valid for essentially all conditions of channel fading from
the Rayleigh limit to the limit of no channel fading, for
modulation orders from the binary case up to , and
for all reasonable levels of diversity. For , there
is virtually no difference in the receiver performance obtained
with perfect noise power measurement and that obtained when
the noise power is overestimated/underestimated by 50%.
As mentioned in the last paragraph, the sensitivity of the
receiver to normalization error increases as diversity increases.
This is not surprising since noise normalization has no effect
on either the all hops jammed case or the all hops free from
interference case. For , for example, this leaves only
one case, the one hop jammed and one not, that is affected
by the normalization. As increases, there are a greater
number of cases affected by the normalization; hence, as
increases there is greater sensitivity to normalization error.
Nevertheless, the difference between ideal performance and
nonideal performance, both when the noise power estimate
er or is modeled as a parameter and when the noise power
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Fig. 9. Receiver performance for a Rician-faded signal with2=22 = 10,
Eb=N0 = 13:35 dB, L = 4, M = 4, and50% noise power estimation
error when̂2
k
is a parameter. The performance with̂2
k
modeled as a random
variable is also shown (labeled “uniform”).
estimate error is modeled as a random variable, is not great.
Consequently, we conclude that the adaptive gain control
receiver is relatively insensitive to noise power measurement
error, especially for nonfading channels. In this sense, the
adaptive gain control receiver is very robust in a worst-case
partial-band noise jamming environment. The conclusions of
this and the preceding two paragraphs are partially illustrated
by the results shown in Figs. 7–10. In the figures, the label
“uniform” represents the results obtained by modeling the
noise power estimate as a uniform random variable with a
maximum error of 50%, while the label “ 50%” implies
that the noise power estimate is modeled as a parameter where
the noise power is overestimated/underestimated by 50%. A
comparison of Figs. 7 and 8 provides an illustration of the
effect of increasing the level of diversity has when all other
parameters are held constant, while a comparison of Figs. 9
and 10 provides an illustration of the effect of increasing the
modulation order when all other parameters are held constant.
It is interesting to note that in all of the examples the effect
of the noise-normalization error becomes smaller as
increases, and for large enough the performance is the
same as for ideal adaptive gain control. This behavior is a
consequence of the assumption that wide-band noise can be
accurately measured.
Finally, when there is not a strong direct component to the
signal, partial-band noise interference results in virtually no
degradation of receiver performance. In this case, worst-case
performance is virtually identical to the performance obtained
when the interference is uniform. Since noise normalization
has no effect on broad-band jamming , nonideal noise
normalization has no effect on worst-case performance.
IV. CONCLUSION
When the information signal is not affected by fading but
the partial-band noise interference signal is, the effect on the
overall performance of a FFH/MFSK system without diversity
Fig. 10. Receiver performance for a Rician-faded signal with2=22 = 10,
Eb=N0 = 13:35 dB, L = 4, M = 8, and50% noise power estimation
error when̂2
k
is a parameter. The performance with̂2
k
modeled as a random
variable is also shown (labeled “uniform”).
is very small when is less than or equal to the
amount required to maximize for the specific fraction of
bandwidth jammed. This is true independent of the modulation
order and of . Hence, worst-case performance is, for
all practical purposes, unaffected when the partial-band noise
interference signal is transmitted over a fading channel. On
the other hand, when a fixed portion of the spread spectrum
bandwidth is jammed and is greater than the minimum
amount required to maximize , the result is obtained that
a partial-band noise interference signal transmitted over a
Rayleigh-faded channel degrades system performance more
than the same noise signal transmitted over a channel with
no fading. The magnitude of this phenomenon and the range
of values of over which this phenomenon is observed
increase with both increasing modulation order and increasing
signal-to-thermal noise ratio. Since for a FFH/MFSK adaptive
gain control receiver increasing diversity minimizes the effec-
tiveness of partial-band noise interference, the effect when the
interference signal is transmitted over a fading channel on both
worst-case performance and the performance obtained when a
fixed portion of the spread spectrum bandwidth is jammed is
analogous to the effect on the performance of a FFH/MFSK
receiver without diversity when a fixed portion of the spread
spectrum bandwidth is jammed. For both FFH/MFSK without
diversity and FFH/MFSK with adaptive gain control and
diversity, when the information signal experiences fading, the
effect of a fading partial-band noise interference signal on
overall system performance lessens.
The performance of the adaptive gain control receiver
with partial-band noise interference and nonideal noise-
normalization where the estimated noise power is modeled
as a uniform random variable with a maximum error of
50% is virtually identical to that obtained with ideal
noise normalization. When the estimated noise power is
modeled as a parameter, the performance of the adaptive
gain control receiver with partial-band noise interference
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suffers degradation when the noise power is underestimated,
while overestimation of the noise power results in enhanced
performance as compared to perfect noise power estimation.
These results lead to the conclusion that any negative impact
on receiver performance due to erroneous noise power
measurement can be completely counteracted by including
a positive bias in the noise power measurement circuitry. This
simple modification significantly increases the practical utility
of the FFH/MFSK adaptive gain control receiver.
From the specific numerical examples shown, the difference
in performance between the ideal and nonideal adaptive gain
control receiver is most pronounced for dB
when the fraction of partial-band interference and
dB when . Generalizing, we see that
receiver performance will only be affected by noise power
estimation error when . The performance
curves for ideal and nonideal adaptive gain control receivers
are identical for larger bit energy-to-interference noise power
spectral density ratios. This result is a consequence of the
assumption that wide-band noise can be measured with a high
degree of accuracy.
Since noise normalization has no effect when either all
hops are jammed or when all hops are free from interference,
noise-normalization error has an increasing effect as diversity
increases. Even so, the difference between ideal and nonideal
noise-normalization performance when the noise power esti-
mate error is modeled as a random variable is not great. When
the noise power estimate error is taken to be a parameter,
underestimation causes the worst performance degradation, but
in general overall performance is not significantly different
than that obtained with ideal noise normalization. In this case,
the difference in performance decreases as channel fading
decreases, becoming negligible for nonfading channels for
a noise power estimation error of50%. Consequently, we
conclude that the adaptive gain control receiver is relatively
insensitive to noise power measurement error. In this sense,
the adaptive gain control receiver is very robust in a worst-
case partial-band jamming environment; and for all practical
purposes, the robustness of the receiver with regard to noise
measurement error is independent of the strength of channel
fading.
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